A new type composite extrusion method has been explored that combines extrusion and two continuous shears (referred to as Extrusion-Shear (ES)). To study the effects of extrusion-shear on the microstructures and the mechanical properties of a magnesium alloy for homogenization state, the ES process has been performed on extrusion equipment using an ES die. Grain-size measurements and X-ray diffraction and compression experiments were conducted. The experimental results and fracture analyses were described and discussed. It was found that the microstructures could be refined gradually from part 1 to 4 in the ES die. But a higher temperature could improve the grain growth and coarsen the microstructures. The results showed that fine and uniform microstructures can be achieved using the (ES) process and various types of texture can also be found in the microstructures. From the X-Ray diffraction (0002) the basal plane texture intensity was decreased, and the ES process could weaken the dominant base texture for (0002). The main fracture mechanism for the specimens extruded at 420°C is transgranular fracture, while it is primarily caused by twins when the extrusion temperature was 450°C.
INTRODUCTION
A magnesium alloy is increasingly being specified for automotive, transportation, electronics, aerospace, and general engineering applications. 1 Magnesium has the ability to combine a high strength and a lighter weight. [2] [3] [4] But the use of magnesium alloys in aerospace and military applications has begun to decline due to the poor service performance. 5, 6 A new type of composite extrusion method has been explored that combines extrusion and shear (referred to as ES). The ES process and the die design and optimization in production practice were obtained by repeated testing on industrial extruders. To study the effects of ES on microstructures and the mechanical properties of a magnesium alloy for the as-cast and homogenized state of magnesium alloys during the ES process, the ES process was performed on extrusion equipment with an ES die. The grain size measurement and the X-ray diffraction analysis and compression experiments and fracture analysis were made and discussed.
EXPERIMENTAL PART
A homogenizing treatment was conducted for AZ31 magnesium alloys (Mg3.02% Al1.01% Zn0.30%Mn), the microstructures of the homogenized state were observed, and the ES processes were performed with different preheated temperatures. The metallurgical experiment, grain size measurement, mechanical property tests and X-ray diffraction analysis were conducted on an extruded AZ31 magnesium alloy. The AZ31 magnesium alloys in the homogenized state were chosen as the materials for the experiment. The material used in this study is the AZ31B Mg alloy. The proof stress of the AZ31 wrought Mg alloy is typically 160-240 MPa, and the Mg alloy has a lower density and can withstand greater column loading per unit weight. The billets were machined into rounds with a diameter of 80 mm. The process parameters in the manufacturing process are critical to the microstructure evolution and the mechanical properties.
After the homogenization annealing treatment, the specimen and the die were heated to the desired temperatures and kept for 1 h. The experiments were made by pressing with a force of 500 tons on the horizontal extrusion machines with a container diameter of 85 mm. The ES process was conducted with an extrusion speed of 0.5 m/min. The microstructures of the AZ31 magnesium alloy for the homogenized state with preheated temperatures 450°C and 420°C for the magnesium alloy, respectively, were observed using a metallographic microscope.
Immediately after the ES processes the rods and die were water quenched in order to fix the metallurgical microstructures, and then the ES die and formed rods, including the billet remaining in ES die, were cut along the plane of symmetry. In order to study the changes of the microstructures at all stages of the ES process, samples taken from products in different parts of the ES die were observed, including microstructural observations and an analysis of the planes that are parallel to the extrusion direction.
All samples were grinded, first coarsely, then finely, with waterproof abrasive paper, no.120, no.280, no.400, no.600, no.800, no.1000, and no.1200. The etchant employed in this experiment was a picric-acid-based etchant including 5 g picric acid, 5 g acetic acid, 100 mL alcohol and 10 mL distilled water. The microstructures were observed under the electron microscope. The specimens used for the metallographic observation and the X-ray diffraction analysis were taken from the parts shown in Figure 1 . Deformation zone 1 is located within the compression cone, deformation zone 2 is through the compression cone, deformation zone 3 is the first shearing zone, and deformation zone 4 is the second shearing zone.
An Olympus light microscope was employed to observe the microstructure. The average grain size (d) of the microstructure was measured with the cut straightline method, which is a test method using the "average intercept length" ( L) to represent the grain size, where the L can be determined on the polishing plane. The average intercept length of the grains filling the space is as follows: 7
where NL is the number of grains per unit test line length, M is the macrostructure magnification, LT is the total length of any test lines that get through the microstructure image and P is the intersection number of test lines and the grain boundaries.
The mechanical properties experiments were performed on a CMT-5150 universal electronic testing machine, including compression and tensile failure experiments that were conducted at a speed of 1 mm/min. Before the experiments, deformed specimens were machined into standard compression specimens and tensile specimens with dimensions of F 8 × 16 mm and d5, respectively. The tensile and compression fracture tests were conducted to obtain the yield strength, tensile strength, compressive strength, elongation after fracture and the compression ratio of the extruded magnesium alloy. The crystallographic orientation of the homogenized and extruded AZ31 magnesium alloy rod wasen analyzed qualitatively by X-ray diffraction, which was used to determine the crystallographic orientation of the rods. 8 Each diffraction peak was calibrated according to the standard X-ray diffraction chart to determine the Miller indices corresponding to the diffraction peaks. The experiments were conducted on a D/Max-1200X X-ray diffractometer, using a scanning angle of 20-80°, a scanning speed of 1°min -1 , a Cu target, an acceleration voltage of 40 kV, a filament current of 30 mA and graphite monochromatic as the filter.
RESULTS AND DISCUSSION
By comparing the grain sizes from the cross-sections of the magnesium alloy billet after the ES process, it is clear that the grains were significantly refined because the dynamic recrystallization happens during the ES process. In addition, it can also be seen from Figure 2 that the grains are constantly refined from part 1 to 4 in Table 1 , and the grain sizes are compared in the same part with different extrusion temperatures. It is well known that the grain size increases with the temperature, which is because a higher temperature would improve the grain growth. 8, 9 The lamellar microstructures in the first shear zone begin to reduce for the large shear strain caused by the shear deformation in this zone and the deformed grains turn into recrystallization grains. In the second shear zone, DRX occurs, but there is still a small amount of fine-grain strips in the center of the rod. The average grain size decreased from about 188 μm to 2-5 μm by using the ES process. The microstructures are not only greatly refined but also relatively uniform because the ES process includes two simple shear steps. The deformation degree of the central parts of the rods increases, allowing more DRX to occur. Therefore, the microstructure becomes smaller and more homogeneous.
From the microstructures of the billet after the ES process it can be observed that the number of dendrites in the a-Mg matrix is greatly reduced, while the second phase and the dendrites' segregation were mostly eliminated in the microstructures. The sizes of the grains before and after the ES process were measured using the cut line method, as shown in Table 1 .
The relationship between the average recrystallization grain size (d) and the Zener-Hollomon parameter (Z) during the dynamic recrystallization is given by -ln d = A + B ln Z. Based on the present ES process, with the extrusion temperature, the accumulative strain increase with the extrusion advancing, the grains will be refined. 10, 11 The relationship between the average recrystallization grain size (d) and the Zener-Hollomon parameter (Z) during dynamic recrystallization is given by Equation (1):
The temperature-corrected strain rate Z is given by Equation (2):
where e is the strain rate, Q is the activation energy for the deformation, T is the temperature and R is the gas constant.
It can be seen from Equation (1) and Equation (2) that the preheated temperature of the billets has a significant impact on the dynamic recrystallization of the fine grains if the structure parameters of the ES dies are the same. So the sizes and the volume fraction of the dynamic recrystallization of the fine grains are inversely proportional to the preheated temperature of the billets. It is obvious that the average sizes of the grains for the lower preheated temperature are finer than those of the higher preheated temperature. It can be observed that the lower temperature could inhibit any further grain growth.
To obtain the orientations of the deformed grains, XRD tests were carried out. The baseline orientation was obtained by using samples that were taken from the longitudinal section in a direction parallel to the extrusion direction of the ES process. The strength of the diffraction lines represents the relative amount of the crystal plane that is parallel to the distribution surface. As can be seen from Figure 3 , the strongest diffraction peak is the (0002) crystal plane, and the (1010) plane is the second-strongest diffraction peak before the ES process. In Mg alloys, a strong basal texture is always found, which resulted in poor ductility at room temperature. Therefore, it is important to control the orientations during the processing. In the upsetting zone I, the strongest diffraction peak is still the (0002) crystal plane. But in the sizing zone, the intensity of the (1010) and (1011) planes increases very obviously. The crystal plane (1011) is the strongest diffraction peak in the last two continuous shearing zones, while the strength of the basal plane (0002) peak clearly decreases. The two shearing steps lead to an increase in the peak-intensity ratio. This shows that the ES process could promote the coexistence of the (0002) basal plane and the non-basal planes. From the XRD test, it is clear that the basal texture of (0002) was greatly weakened, and it becomes less dominant after the ES process. The weakening of the basal texture could be attributed to the shear deformation during the ES process. The weakening of the basal texture is expected to enhance the formability of Mg alloys. Compression and tensile fracture experiments were conducted at room temperature. The fracture behaviors and the regulation of magnesium alloys during the ES process were studied by observing and analyzing the fracture phenomenon, which is important in effectively preventing fractures of the magnesium alloy during the ES process. Macro images of specimens after compression have been shown in Figure 4 .
As can be seen from Figure 5 , the main fracture of the specimen extruded at 420°C is a transgranular fracture, while it is mainly caused by the twins when the extrusion temperature is 450°C in Figure 6 . The specimen that was formed at 450°C would be fractured when the amount of deformation is 10.5 %, while the specimen that was formed at 420°C would fracture when the amount of deformation is 13.8 %.
The microstructures were refined at an extrusion temperature of 420°C. Twins were hardly generated in the part for dynamic recrystallization. The internal microstructures of the specimens extruded at 450°C are uneven, and there is a portion of elongated grains and a large amount of fine dynamic-recrystallization grains distributed among the original grains. The specimens would be subjected to a compressive stress during the compression process at room temperature. Once the slip plane tended to the direction that is parallel to the force direction, the slip systems in the magnesium alloy would stop moving. The increase in the external force usually led to the occurrence of twins. The twins were generated between the elongated original grain boundaries. Once the twins occur, due to changes of the crystal orientation in the twins, the slip plane is no longer parallel to the direction of force, and the primary slip systems would begin. The plastic deformation would not stop before the sample is fractured. When the cracks on the edge of the fracture encounter twins, the expansion path is forced to change. Obviously, the hindrance of twins to the crack propagation leads to an improvement in the material toughness. Cracks on the fracture would be hindered by grain boundaries when they encounter small grains. It is known that the microstructures are inhomogeneous. Twins would be generated among the elongated original grains boundaries. However, it is prone to produce cracks in the twin boundaries. It can be seen from Figure 6 that a large amount of twins appear near the fracture and the cracks. A large number of twins were generated along the elongated grain boundaries near the fracture. There are interactions between the twins and cracks, and the cracks could induce twins, and twins would promote crack nucleation. The twins and cracks develop rapidly, so a large stress concentration would occur at the tip of the cracks. Twinning and fracture are two processes that release stress concentration. Therefore, the factors in favor of one process are beneficial to the other process. The microstructures would be elongated under tensile stress and a large number of fine twins would be generated because of the severe deformation at the elongated grain boundaries.
The ES process is actually a combination of extrusion and ECAP extrusion to achieve a compound of extrusion and shear processes. In the early extrusion, the microstructures appear to be bent and broken under simultaneous compression and shear.
CONCLUSIONS
To study the effects of extrusion-shear on the microstructures and mechanical properties of a magnesium alloy in the homogenized state during the ES process, the ES process was performed on extrusion equipment with the explored ES die. The grain size measurement and the X-ray diffraction analysis, compression experiments and fracture analysis were made and discussed. It can also be seen that the grains are constantly refined from part 1 to 4. The ES process could improve the dynamic recrystallization during deformation. The microstructures become more uniform and finer, when compared to the original states, during the ES process. A higher preheating temperature could improve the grain growth and coarsen the grains. The texture analysis showed that after the ES process there is a variety of types of texture, which could weaken the dominant position the of the basal plane texture (0002). The main fracture mechanism of the specimen extruded at 420°C is transgranular fracture, while it is mainly caused by the twins when the extrusion temperature was 450°C.
